The termination of GABA synaptic action by high-affinity, Na ϩ -dependent, neuronal, and glial plasma membrane transporters plays an important role in regulating neuronal activity in physiological and pathological conditions. We have investigated the cellular localization and distribution in the cerebral cortex of adult rats of one GABA transporter (GAT), GAT-3, by immunocytochemistry with affinity-purified polyclonal antibodies directed to its predicted C terminus that react monospecifically with a protein of ϳ70 kDa.
The magnitude and duration of GABA synaptic action are regulated by plasma membrane proteins, termed GABA transporters (GATs), which mediate a high-affinity, Na ϩ /Cl Ϫ -dependent, uptake of GABA into presynaptic axon terminals and glial processes (Iversen and Neal, 1968; Iversen and Snyder, 1968; Neal and Iversen, 1969; Iversen, 1971; Iversen and Kelly, 1975) . GATs may also release GABA into the extracellular space in a Ca 2ϩ -independent, nonvesicular manner (Schwartz, 1982; Pin and Bockaert, 1989; Attwell et al., 1993; Levi and Raitieri, 1993) , and they are targets for pharmacological intervention in neurological diseases characterized by GABAergic imbalance, such as epilepsy Krogsgaard-Larsen et al., 1987; During et al., 1995) . To date, four cDNAs encoding highly homologous GATs have been isolated from the rodent and human nervous systems (Guastella et al., 1990; Borden et al., 1992 Borden et al., , 1994b Clark et al., 1992; Liu et al., 1993) . GATs have different pharmacological properties (Guastella et al., 1990; Borden et al., 1992 Borden et al., , 1994b Clark et al., 1992; Yamauchi et al., 1992; Liu et al., 1993) and tissue distributions (Ikegaki et al., 1994; Brecha et al., 1995; Durkin et al., 1995; Minelli et al., 1995; Ribak et al., 1996) .
In a previous study, we reported that numerous neurons and some astrocytes express GAT-1 mRNA, and that GAT-1 immunoreactivity (ir) is localized to axon terminals forming symmetric synapses as well as to astrocytic processes . This indicates that GAT-1, which exhibits a pharmacological profile (Guastella et al., 1990 ) typical of a "neuronal" transporter (Beart et al., 1972; Iversen and Kelly, 1975; Bowery et al., 1976; Larsson et al., 1983; Mabjeesh et al., 1992) , also mediates GABA uptake into glial cells. These findings suggest that the organization of GABA uptake systems in the cerebral cortex is more complex than previously believed on the basis of pharmacological studies, and emphasize the importance of defining further the cellular localization of GATs.
Immunoblot, immunocytochemical, and in situ hybridization studies published to date indicate that GAT-3, a predicted 627-amino-acid protein found only in the nervous system (Borden et al., 1992; Ikegaki et al., 1994) , is either absent or very weakly expressed in the cerebral cortex (Clark et al., 1992; Ikegaki et al., 1994; Brecha et al., 1995; Durkin et al., 1995) . Because GAT-2 is not present in the cortex and it is expressed only by arachnoid and ependymal cells (Ikegaki et al., 1994; Durkin et al., 1995) , these findings imply that glial GABA transport in the cerebral cortex is mediated mainly by GAT-1. However, it seems unlikely that GAT-1 is the sole transporter to mediate glial GABA uptake in the neocortex, because there is significant glial GABA uptake and there is a limited expression of GAT-1 in astrocytes . To better understand GABA uptake systems in the cerebral cortex, we have used a new and specific affinity-purified antibody to evaluate the cellular localization and distribution of GAT-3 in the cerebral cortex of adult rats.
MATERIALS AND METHODS
Adult albino rats (Harlan Sprague Dawley, San Diego, CA, and Charles River, Milan, Italy), weighing 180 -250 gm, were used in the present studies. Care and handling of animals were approved by the Animal Research Committees of the VAMC-West Los Angeles and of the University of Ancona.
Tissue preparation
For light microscopy, rats were deeply anesthetized with 30% chloral hydrate and perfused transcardially with 0.1 M PBS, pH 7.4, followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4). For electron microscopy, rats were perfused with 4% PFA plus 1% glutaraldehyde in PB. Brains were post-fixed for 1-2 hr at 4ЊC in the same fixative used for the perfusion, cut with a vibratome in either coronal or parasagittal plane into 25-to 30-m-thick sections, which were collected serially in PBS and stored at 4ЊC until processing. Data were collected from a region of the parietal cortex characterized by the presence of a conspicuous layer IV, with intermingled dysgranular regions, densely packed layers II and III, and a relatively cell-free layer Va. This region corresponds to the first somatic sensory cortex (SI), as defined by Zilles (1985) and Chapin and Lin (1990) .
Immunocytochemistry
Antibody production. Affinity-purified rabbit polyclonal antibodies (369-D and 374-E) directed to the predicted C terminus (Borden et al., 1992; Clark et al., 1992) of rat GAT-3 (rGAT-3 607-627 ) were used for these studies. Rabbits were initially immunized with 100 nmol of the GAT-3 607-627 conjugated to keyhole limpet hemocyanin (KLH) in complete Freund's adjuvant, and subsequently immunized at 4 -6 week intervals with 50 nmol of the GAT-3 607-627 conjugated to KLH in incomplete Freund's adjuvant. Plasma was harvested at regular intervals after each immunization, and sera were tested for specific immunostaining. Selected sera were affinity-purified using an Epoxy-Sepharose column prepared with the C-terminal sequence of GAT-3 following the manufacturer's instructions (Pharmica Biotech, Piscataway, NJ). Antibodies were eluted with 3 M KSCN, collected and concentrated with a Centriprep-30 (Amicon, Beverly, MA), and stored in 1% BSA and 0.1 M NaN 3 in 0.1 M PB at Ϫ70ЊC.
Antibody characterization by immunoblotting and immunoblocking. Sprague Dawley rats (150 -250 gm) were perfused with cold 4 mM Tris-HCl, pH 7.4, containing 0.32 M sucrose, 1 mM EDTA, 0.5 mM phenylmethylsulphonyl fluoride (PMSF), and 0.5 mM N-ethylmaleimide (NEM). After the meninges were removed, brains were homogenized by glass-Teflon homogenizer in 10 vol of ice-cold buffer (0.32 M sucrose; 4 mM Tris-HCl, pH 7.4; 1 mM EDTA; and 0.25 mM dithiothreitol) (Ikegaki et al., 1994) . The homogenate was centrifuged at 1000 ϫ g for 15 min at 4ЊC. The pellet was discarded, and aliquots of the supernatant (total brain extract) were either used immediately or stored at Ϫ80ЊC. A crude membrane preparation of the cerebral cortex was also made by the same procedure. After removing the low-speed pellet, the remaining supernatant was recentrifuged at 105,000 ϫ g for 1 hr at 4ЊC and the resulting crude membrane pellet (Thomas and McNamee, 1990 ) was resuspended in homogenization buffer containing protease inhibitors (1 mM EDTA, 0.5 mM PMSF, 0.5 mM NEM) and either used immediately or stored at Ϫ80ЊC. Protein concentrations were measured according to Bradford (1976) , with the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA). Aliquots of total brain extract and of crude membrane fraction were mixed with equal volumes of 2ϫ electrophoresis sample buffer with or without 4 M urea (final concentration). The samples were subjected to 10% SDS-PAGE with a 3% stacking gel under reducing conditions, and the separated proteins were electrophoretically transferred to a nitrocellulose filter (0.45 m) according to the method of Towbin et al. (1979) . After the transfer, the gels were stained with Coomassie blue and visually examined for transfer efficiency. The blots were sequentially incubated with the GAT-3 antibody (369D, dilution 1:500) and goat anti-rabbit IgG conjugated to horseradish peroxidase and then reacted with BM chemoluminescence Western blotting kit (Boehringer Mannheim, Mannheim, Germany) following the instructions provided by the manufacturer. Labeled bands were visualized on X-Omat AR films (Eastman Kodak, Rochester, NY). As a control, blots were submitted to the same immunolabeling procedure except that the primary antibody was either omitted or preadsorbed with 10 Ϫ5 M rat GAT-3 607-627 peptide.
GAT-3 antibodies were characterized also by immunoblocking with 10 Ϫ5 M or 10 Ϫ6 M rat GAT-3 607-627 peptide, with 10 Ϫ5 M rat GAT-1 588-599 , or mouse GAT-2/BGT-1 596-614 , C-terminal peptides (Guastella et al., 1990 (Guastella et al., , 1992 Borden et al., 1992; Yamauchi et al., 1992; Liu et al., 1993) . In all blocking experiments, the antibody dilution was 1:1000.
To directly compare GAT-3 and GAT-1 immunostaining, sections adjacent to those processed with GAT-3 antisera were incubated with affinity-purified polyclonal antibodies (341-F and 346-J) directed to the predicted C terminus of rat GAT-1 (rGAT-1 588-599 ) (Guastella et al., 1990) peptide.
Procedure. Free-floating sections were preincubated for 1 hr in normal goat serum (NGS; 10% in PBS) with 0.5% Triton X-100 and then incubated overnight at 4ЊC in GAT-3 or GAT-1 primary antibodies (dilution 1:1000 for both antibodies). The next day, sections were rinsed in PBS and incubated for 15 min in 10% NGS and then in biotinylated anti-rabbit IgG at a dilution of 1:100 in PBS (1 hr at room temperature or overnight at 4ЊC). Sections were rinsed in PBS, incubated in avidinbiotin-peroxidase complex (ABC) (Hsu et al., 1981) for 30 min, washed several times in PBS, and then incubated first in 50 -75 mg DAB/100 ml Tris (0.05 M) and then in fresh DAB with 0.02% H 2 O 2 . Sections were washed in PBS, mounted on subbed slides, air-dried, dehydrated, and coverslipped.
For electron microscopy, vibratome sections were pretreated to increase the penetration of immunoreagents by a mild ethanol treatment (10, 25, and 10%; 5 min each). GAT-3 antibodies were used at 1:1000 dilution; Triton X-100 was not used. After completion of the ICC procedure, sections were washed in PB, post-fixed for ϳ30 min in 2.5% glutaraldehyde in PB, washed in PB, and post-fixed for 1 hr in 1% OsO 4 . After dehydration, sections were cleared in propylene oxide, flatembedded in Epon-Spurr between acetate foils (Aclar; Ted Pella, Redding, CA), and polymerized at 60ЊC for 36 hr. When polymerization was complete, the embedded sections were examined under a dissecting microscope. Small strips of cortex were excised with razor blades and either glued to cured resin blocks or reembedded in Epon-Spurr. Semithin (1 m) sections were cut with a Reichert ultramicrotome and collected on glass slides without counterstaining for light microscopical inspection. Ultrathin sections were cut either from the surface or from the edge (i.e., perpendicular to the plane of section), counterstained with uranyl acetate and lead citrate or with lead citrate only, and examined with a Jeol T8 electron microscope.
Some ultrathin sections from different animals were processed first for the visualization of GAT-3 ir and subsequently for the demonstration of GABA ir by a standard postembedding immunogold method (De Biasi et al., 1994 ) using a rabbit polyclonal GABA antiserum (Sigma, St. Louis, MO). Briefly, thin sections collected on nickel grids were immersed in 1% sodium borohydride (15 min) and, after several rinses in Tris-buffered saline (TBS), incubated at room temperature with 10% NGS (30 min) and with the primary antiserum (1:10,000, overnight). After extensive rinses, grids were incubated in a solution of goat anti-rabbit IgG coupled to 15 nm gold particles (Biocell, Cardiff, UK) diluted 1:30 (1 hr) and then counterstained with uranyl acetate and lead citrate or with lead citrate only. Specificity of the immunogold labeling was evaluated by blocking experiments in which the anti-GABA serum was adsorbed with GABA, in both free and conjugated forms. Method specificity was controlled by the application of rabbit nonimmune serum as well as by processing series of sections omitting various stages of the regular staining sequence. Preadsorption of the antiserum, diluted for tissue reaction, with GABA (free or conjugated) abolished labeling, as did substitution of the primary antiserum with preimmune serum. The pattern of GABA immunogold labeling obtained was the same as that described previously (Beaulieu et al., 1994) . Terminals with asymmetric specialization were always devoid of labeling. Nonspecific or background labeling was low in our preparations and, therefore, it was not necessary to perform a statistical analysis of the distribution of gold particles to determine whether a profile was labeled.
The immunogold protocol used to visualize GABA ir allowed the preservation of the DAB reaction product indicating GAT-3 ir. Therefore, in all of the thin sections examined, the following profiles could be identified: (1) profiles containing only the granular electron-dense reaction product of DAB indicating the presence of GAT-3 ir; (2) profiles containing only gold particles indicating the presence of GABA; and (3) profiles unlabeled by either antibodies.
RESULTS
The specificity of the antibody was examined by immunoblot. The purified antibody against GAT-3 revealed a band of ϳ70 kDa both in total brain extract and in the crude membrane fraction of the cerebral cortex ( Fig. 1 A,B) . Omission of the primary antibody or preadsorption with GAT-3 607-627 peptide prevented labeling of the blots (Fig. 1C) .
GAT-3 ir was differentially distributed in the brain: high levels were in the olfactory bulb, thalamus, hypothalamus, and brainstem, whereas low levels were in the caudate-putamen, cerebral cortex, hippocampus, and cerebellum (Fig. 2) . In the cerebral cortex, GAT-3 ir was localized exclusively to small punctate structures that were difficult to resolve at the light microscopic level and never appeared as labeled fibers or cell bodies (Figs. 3-6 ). Specific GAT-3 ir was prevented when GAT-3 antibodies had been preadsorbed with 10 Ϫ5 or 10 Ϫ6 M rat GAT-3 607-627 (Fig. 4 D) , whereas no changes were observed in sections incubated with GAT-3 antibodies preadsorbed with 10 Ϫ5 M rat GAT-1 588-599 and mouse GAT-2/BGT-1 596-614 C-terminal peptides (Fig. 4 B,C) . The same pattern of GAT-3 ir was observed in sections from different animals, and it did not show any significant regional variations along the rostro-caudal or medio-lateral extent of the neocortex.
GAT-3 ir was present throughout the depth of SI, but the apparent density of positive puncta varied in the different layers. The highest level of GAT-3 ir was observed in layer IV and in a narrow band corresponding to the lower portion of layer V (Vb; Figs. 3A,B, 4A). In these layers, the neuropil was filled by numerous, heavily stained, GAT-3-positive puncta, which were densely packed around unstained cell body profiles (Figs. 3A, 4A ). In layers II and III, GAT-3 ir exhibited the same features but was less intense. Ir was faint in layers I, Va, and VI, where positive puncta were sparser and less intensely stained than in the other layers (Figs. 3A, 4A) . Comparison between GAT-1 and GAT-3 ir showed that GAT-3 ir, although less intense, displayed a laminar pattern similar to that of GAT-1 ir (Fig. 3C) .
GAT-3 ir was not evenly distributed in SI: in all cortical layers, but particularly in layers VI and IV, restricted areas of tissue were observed, in which the expression of GAT-3 was very low (Figs.  3A, 4A ). Patchy regions exhibited clear-cut borders (Figs. 3A, 4A ) and were observed in all sections from all animals.
GAT-3-positive puncta were small in size (Ͻ1 m in diameter) and were observed both in the neuropil and in close relationship with cell bodies. In the latter case, GAT-3-positive puncta formed a continuous sheet around the somata of both pyramidal and nonpyramidal neurons (Fig. 6 A-C) . In layers II, III, and V, GAT-3-positive puncta were also in close association with the proximal portion of basal (Fig. 5A ) and apical (Fig. 5B) dendrites of pyramidal cells. GAT-3-positive puncta were different from GAT-1-positive puncta since (1) they were more numerous in the neuropil, and (2) they were smaller than the majority of GAT-1-immunoreactive puncta. However, the distribution of GAT-3-positive puncta around somata and dendrites of cortical neurons (Fig. 5 ) is similar to that of GAT-1 (Fig. 6 ) (see also Fig. 8 in Minelli et al., 1995) . The ultrastructural pattern of GAT-3 labeling was the same in all layers of the cortex. GAT-3 ir was found exclusively in distal astrocytic processes, characterized by an irregular contour, whereas astrocytic cell bodies and neuronal profiles were always unlabeled (Fig. 7) . Electron-dense reaction product was present along the cytoplasmic side of the plasma membrane and in cytoplasmatic granular patches. Labeled astrocytic processes were evenly distributed throughout the neuropil, as they were found adjacent to axon terminals making either symmetric (Fig. 7A,B) or asymmetric (Fig. 7C,D) synaptic contact with cell bodies (Fig. 7A) , dendrites (Fig. 7B ), dendritic spines (Fig. 7C,D) , or close to neuronal profiles that did not form synaptic contacts in the plane of section (not shown). Analysis of patchy regions devoid of GAT-3 ir showed that cortical tissue was normally preserved, but lacked GAT-3 ir.
In sections reacted for postembedding immunogold visualization of GABA, some of the GAT-3-stained astrocytic processes were found adjacent either to terminals with symmetric specialization (Fig. 8 A) or to dendrites (Fig. 8 B) that were selectively enriched in gold particles coding for GABA. However, most of the GAT-3-stained astrocytic processes were not associated with GABA-positive processes: of these, some were close to terminals forming asymmetric synapses (Fig. 8C) . None of these astrocytic processes contained GABA ir (Fig. 8 A-C) .
DISCUSSION
The present study shows that in the cerebral cortex of adult rats GAT-3 is localized exclusively to astrocytic processes, and that the distribution of GAT-3 ir processes is compatible with a role of GAT-3 in the regulation of GABA levels in the extracellular space.
Antibody specificity and comparison with previous studies
To visualize the distribution of GAT-3, affinity-purified polyclonal antibodies were raised against a synthetic peptide corresponding to the predicted C terminus of rat GAT-3. The characterization of these antibodies by immunoblot analysis of rat brain homogenates and crude membrane fractions of cerebral cortex showed that they monospecifically react with a protein of ϳ70 kDa, consistent with the molecular mass predicted by the analysis of cloned cDNA (Borden et al., 1992; Clark et al., 1992) . The specificity of these antibodies was demonstrated further by immunoblocking studies, which revealed that GAT-3 ir was prevented when GAT-3 anti- bodies were preadsorbed with their specific cognate peptide, but not with other related GABA transporter C-terminal peptides.
Overall, the distribution of GAT-3 ir described here is in agreement with previous immunocytochemical (Ikegaki et al., 1994) and in situ hybridization (Clark et al., 1992; Durkin et al., 1995) studies, which also showed that the highest levels of GAT-3 expression are in olfactory bulb, hypothalamus, thalamus, and brainstem. A major difference between earlier descriptions and the present study concerns only the level of GAT-3 expression in the cerebral cortex. These studies indicate that GAT-3 is either absent or very weakly expressed in the cerebral cortex (Clark et al., 1992; Ikegaki et al., 1994; Brecha et al., 1995; Durkin et al., 1995) , whereas our results show that neocortex exhibits low, but not negligible, levels of GAT-3. Given the specificity of the antibodies used in the present study, it is likely that the level of GAT-3 mRNA or protein was underestimated in earlier studies, perhaps because of the very high levels of GAT-3 expression elsewhere in the brain.
In the cerebral cortex, GAT-3 is expressed only by astrocytes
GAT-3 ir is localized in numerous, small punctate structures throughout the cerebral cortex. Ultrastructural studies revealed that neuronal cell bodies, dendrites, and axon terminals were always unlabeled, and they showed that GAT-3 ir was exclusively localized to many small processes. Their irregular contours conformed to outlines of surrounding neuropilar elements, and previous studies have shown that these features are typical of astrocytic processes (Peters et al., 1991) . Thus, although we cannot rule out the possibility that some cortical neurons synthesize GAT-3 at such low levels that they cannot be visualized by current immunocytochemical procedure, the present study indicates that in the cerebral cortex GAT-3 is expressed exclusively in astrocytes and it is localized to their processes.
The existence of GABA uptake systems associated with glial cells was demonstrated in the cerebral cortex in early autoradiographic studies, which showed a significant [ 3 H]␤-alanine uptake in cortical slices and synaptosome preparations (Schon and Kelly, 1975) , and in pharmacological studies showing that GABA transport in cortical astrocytic membranes is highly sensitive to ␤-alanine (Mabjeesh et al., 1992) .
The present anatomical results on the cellular localization of GAT-3 are in agreement with previous data. For instance, heterologous cells transfected with GAT-3 and "glial" GABA transport have similar pharmacological properties (Borden et al., 1992; Figure 4 . A, GAT-3 ir in SI is localized exclusively to small punctate structures that are densely packed around cell bodies, and is highest in layer IV and Vb. B-D, Adjacent sections processed with GAT-3 antibody preincubated with 10 Ϫ5 M rat GAT-1 588-599 (B), mouse GAT-2/BGT-1 593-602 (C), and 10 Ϫ5 M rat GAT-3 607-627 (D). GAT-3 ir does not change in B and C, but it is completely abolished in D. Scale bar, 100 m. Clark et al., 1992; Clark and Amara, 1994) . That is, GABA uptake by GAT-3 is strongly inhibited by ␤-alanine and ␤-proline (Borden et al., 1992; Clark et al., 1992; Clark and Amara, 1994) , and it is not inhibited by the "neuronal" GABA transport inhibitors ACHC and DABA (Iversen and Kelly, 1975; Neal and Bowery, 1977; Gavrilovic et al., 1984; Kanner and Bendahan, 1990; Mabjeesh et al., 1992) . Furthermore, GAT-3 is expressed by rat retinal Muller cells , by hippocampal astrocytic processes (Ribak et al., 1996) , and by cultured astrocytes (Borden et al., 1994a) . The reported expression of GAT-3 in neurons located in the brainstem and in a few amacrine cells of the retina (Clark et al., 1992; Brecha et al., 1995) does not contradict the present findings: rather, it suggests that there is a regional heterogeneity in GAT-3 cellular expression. Whether other neurotransmitter transporters display a similar regional heterogeneity in their cellular expression pattern remains an interesting challenge for future investigations. The demonstration that cortical astrocytes express GAT-3 together with previous findings on astrocytic expression of GAT-1 raises some interesting questions. First, are GAT-1 and GAT-3 coexpressed? Although GAT-3 is expressed more robustly than GAT-1 in astrocytes, astrocytes expressing GAT-1 and GAT-3 display the same laminar segregation and, at least in part, an overlapping distribution; it is possible, therefore, that a subpopulation of cortical astrocytes may coexpress both GAT-1 and GAT-3. Second, what is the relative contribution of each of these transporters to overall GABA uptake by glial cells in the cerebral cortex? There are no experimental studies addressing this question. However, because GAT-1 and GAT-3 transport exhibit different ionic dependences and inhibitor sensitivities in heterologous cell systems (Guastella et al., 1990; Borden et al., 1992; Clark et al., 1992; Keynan et al., 1992) , it is conceivable that the relative contribution of GAT-1 and GAT-3 to glial GABA uptake is determined by different regulatory mechanisms, e.g., different responses to the composition of the extracellular milieu and/or different regulation of GAT's activity and/or expression. GAT-3 (A) and GAT-1 (B) ir in semithin sections. With both antisera, labeling is in punctate structures scattered throughout the neuropil among unlabeled cell bodies. GAT-3-immunoreactive puncta are small and evenly distributed (A), whereas some of the GAT-1-immunoreactive puncta are large (arrows) and surround neuronal cell bodies and major dendrites (B). The apparent GAT-3 labeling of perivascular structures has not been confirmed at the electron microscopic level. Phase-contrast microscopy; noncounterstained sections. Layer V. Scale bar, 25 m.
For instance, protein kinase C (PKC) activators, which increase GABA uptake in cells transfected with GAT-1 (Corey et al., 1994) , reduce glial GABA transport in primary astrocyte cultures (Gomeza et al., 1991) . A differential regulation of astrocytic GAT-1 and GAT-3 would allow a great adaptability in the fine regulation of GABA extracellular levels under various physiological conditions.
The distribution of GAT-3 in the cerebral cortex is compatible with a dual physiological role
The major features of the distribution of GAT-3 ir in the cerebral cortex, as revealed for the first time by this study, are as follows:
(1) GAT-3 ir astrocytic processes display a laminar segregation similar to that of GAT-1 ir puncta and of GABAergic axon terminals (Ribak, 1978; Houser et al., 1984) ; and (2) GAT-3-positive astrocytic processes are not exclusively associated with GABAergic profiles, as shown by double-labeling with GABA.
Axon terminals releasing GABA are densest in layer IV, followed by layers II and III, and in layer Vb GABAergic terminals outline unstained pyramidal cell bodies (Ribak, 1978; Freund et al., 1983; Houser et al., 1984) . These cortical layers or sublayers are also the richest in GAT-1-positive puncta . Here we have shown that the distribution of GAT-3-positive puncta is similar to that of axon terminals releasing GABA and of GAT-1-positive puncta. This correlation implies that GAT-3 is highly expressed in the very layers in which GABA is prominently released and, therefore, highly concentrated. The presence of numerous "patches" devoid of GAT-3 ir in neocortex indicates some differences in GAT-3 expression and activity. The functional meaning of this organizational feature of GAT-3 ir is at present unknown; it is worth noting, however, that an analogous distribution has been reported for a glial glutamate (Glu) transporter, GLT-1 (Rothstein et al., 1994) .
GAT-3-positive puncta are in close relationship with neuronal cell bodies and proximal dendrites, the major targets of GABAergic axon terminals (Freund et al., 1983; Houser et al., 1984) . To evaluate directly the relationship between GAT-3-positive astrocytic processes and GABA-releasing axon terminals, we combined preembedding ICC for GAT-3 with postembedding immunogold labeling for the visualization of GABA. The results of these experiments show that some GAT-3-stained astrocytic processes are in direct contact with GABA-containing axon terminals that are likely to release GABA. This observation suggests that GAT-3 uptake mediates GABA reaccumulation in glial cells surrounding GABAergic synapses, thus contributing to both termination and regulation of GABAergic synaptic transmission (Isaacson et al., 1993) .
GAT-3-positive puncta, however, are also (1) scattered in the neuropil and (2) close to axon terminals making asymmetric synapses. Their functional role can be envisaged better bearing in mind that (1) GABA may diffuse in the neuropil and therein act in a paracrine fashion and (2) that this paracrine effect is potentiated by SKF-89976A, a competitive blocker of GABA transport (Dingledine and Korn, 1985; Thompson and Gahwiler, 1992; Isaacson et al., 1993) . Because the blocker used by Isaacson et al. (1993) is more potent at GAT-1 than at GAT-3 (Borden et al., 1994b) , these findings suggest that the diffuse action of GABA is modulated by GAT-1, but this does not rule out that GAT-3 may also play a role. The availability of GAT-3-specific blockers [e.g., (S)-SNAP-5114; Borden et al., 1994b] will allow for further evaluation of GAT-3's modulation of GABA's diffuse action. Such a function of GAT-3 is strongly suggested by the presence of nu- A, A GAT-3-labeled astrocytic process (asterisk) is adjacent to a GABAcontaining axon terminal (T ) forming a symmetric synapse (arrow) on an unlabeled dendrite. B, A GAT-3-labeled astrocytic process (asterisk) is adjacent to a GABA-immunogold-labeled dendrite (D) that receives a symmetric synapse (arrow) from a GABA-immunogold-labeled terminal (T ) and an asymmetric synapse from an unlabeled axon terminal (U ). C, A GAT-3-labeled astrocytic process (asterisk) is adjacent to an unlabeled axon terminal (U ) with asymmetric specialization. A GABA-immunogoldlabeled terminal (T ) makes a symmetric synapse (arrow) on a dendrite. Uranyl acetate and lead citrate counterstaining. Scale bar, 0.5 m.
merous GAT-3-positive astrocytic processes in the neuropil. The results presented here show that some GAT-3-positive astrocytic processes are adjacent to axon terminals forming asymmetric synapses, which contain and presumably release Glu (Conti and Minelli, 1996) . Interestingly, Isaacson et al. (1993) showed that inhibition of GABA uptake enhances the presynaptic action of GABA on presumed GABA B receptors located on excitatory nerve terminals. GAT-3-positive astrocytic processes adjacent to axon terminals forming asymmetric synapses could contribute, therefore, to the regulation of GABA action on excitatory synaptic transmission.
Finally, it has been shown that GATs may release GABA in a nonvesicular, Ca 2ϩ -independent manner (Schwartz, 1982; Attwell et al., 1983; Levi and Raiteri, 1993) . These data, together with the present demonstration of a widespread distribution of GAT-3-positive astrocytic processes in the neuropil, suggest that GAT-3 may mediate GABA release in the cerebral cortex.
